1. Rates of entry and oxidation of a range of metabolites have been measured in tracheostomized sheep (diet, 800g. of lucerne chaff and 100g. of maize/day) by combining isotope-dilution techniques with the continuous measurement of total respiratory gas exchange, and 14CO2 production during the intravenous or intraruminal infusion of 14C-labelled substrates. 2. Mean entry rates in fed and starved (24hr.) sheep respectively, expressed as mg./mnin./kg. body wt.0-75, were: glucose, 5-0 (range 4-8-5-1, 2 observations) and 3-8 (3.2-4.2, 4); acetate, 10-8 (9.1-13.5, 4) and 5-8 (1); D(-)-.f-hydroxybutyrate, 1-4 (1) and 1-5 (0.8-2.4, 4); palmitate, oleate and stearate (starved sheep only) 1-0 (0.6-1.9, 7), 0-9 (0-2-1-6, 10) and 0-9 (0.5-1.1, 11) respectively. 3. Production rates of propionate and butyrate in continuously feeding sheep were 6-4 (4.7-8.3, 4) and 4-3 (3.4-6.1, 4) mg./Min./kg.0-75 respectively, and in starved (24hr.) sheep were 2-5 (2.2-2-9, 2) and 1-0 (0.8-1.2, 2) mg./min./kg.075 respectively. 4. Calculated terminal values for the specific radioactivity of respiratory 14CO2 during measurements of entry rates and production rates were used to calculate the contributions of individual substrates to overall oxidative metabolism. Mean values for fed and starved sheep respectively were: glucose, 9-1 (8.6-9-6, 2) and 11-2 (5-9-15-1, 4)%; acetate, 31-6 (26-8-38-1, 4) and 22-1 (1)%; D(-)-fihydroxybutyrate, 10-4 (1) and [4][5][6][7][8] (1-9-7-7, 4)%; propionate, 23-0 (13-8-29-9, 4) and 7-1 (6-8-7-4, 2)%; butyrate, 16-5 (13-7-20.5, 4) and 5-3 (5.2-5-3, 2)%; pahnitate, oleate and stearate (starved sheep only), 47 (2-0-7-7, 7), 4-0 (1-2-6.6, 10) and 4-4 (3-8-5-8, 9)% respectively.
1. Rates of entry and oxidation of a range of metabolites have been measured in tracheostomized sheep (diet, 800g. of lucerne chaff and 100g. of maize/day) by combining isotope-dilution techniques with the continuous measurement of total respiratory gas exchange, and 14CO2 production during the intravenous or intraruminal infusion of 14C-labelled substrates. 2. Mean entry rates in fed and starved (24hr.) sheep respectively, expressed as mg./mnin./kg. body wt.0-75, were: glucose, 5-0 (range 4-8-5-1, 2 observations) and 3-8 (3.2-4.2, 4); acetate, (9.1-13.5, 4) and 5-8 (1); D(-)-.f-hydroxybutyrate, 1-4 (1) and 1-5 (0.8-2.4, 4); palmitate, oleate and stearate (starved sheep only) 1-0 (0.6-1.9, 7), 0-9 (0-2-1-6, 10) and 0-9 (0.5-1.1, 11) respectively. 3. Production rates of propionate and butyrate in continuously feeding sheep were 6-4 (4. 7-8.3, 4) and 4-3 (3.4-6.1, 4) mg./Min./kg.0-75 respectively, and in starved (24hr.) sheep were 2-5 (2.2-2-9, 2) and 1-0 (0.8-1.2, 2) mg./min./kg.075 respectively. 4. Calculated terminal values for the specific radioactivity of respiratory 14CO2 during measurements of entry rates and production rates were used to calculate the contributions of individual substrates to overall oxidative metabolism. Mean values for fed and starved sheep respectively were: glucose, 9-1 (8.6-9-6, 2) and 11-2 (5-9-15-1, 4)%; acetate, 31-6 (26-8-38-1, 4) and 22-1 (1)%; D(-)-fihydroxybutyrate, (1) and [4] [5] [6] [7] [8] (1-9-7-7, 4)%; propionate, 23-0 (13-8-29-9, 4) and 7-1 (6-8-7-4, 2)%; butyrate, 16-5 (13-7-20.5, 4) and 5-3 (5.2-5-3, 2)%; pahnitate, oleate and stearate (starved sheep only), 47 (2-0-7-7, 7), 4-0 (1-2-6.6, 10) and 4-4 (3-8-5-8, 9)% respectively.
The sum ofthese values for individual substrates infed and starved sheep, excluding that of,-hydroxybutyrate and after correction of the glucose value for the known interrelations of this substrate with propionate, accounted for 76% and 58% respectively of total production of carbon dioxide. 5. Calculations based on the proportion of substrate entry directly oxidized indicated that the substrates studied accounted for 63% (fed sheep) and 43% (starved sheep) of total energy expenditure measured by oxygen uptake. The contribution of,-hydroxybutyrate was excluded, and corrections were made for glucose-propionate interrelations, and for the different rates of oxidation of the methyl and carboxyl fragments of acetate. 6. The present results have been combined with those obtained earlier in this Laboratory to examine the relationships between rates of substrate entry and oxidation, and coneentrations of substrate in blood. Rates of entry of acetate, glucose, D(-)-f-hydroxybutyrate, palmitate and oleate (but not stearate) were well correlated with concentration in blood, and substrate contribution to production of carbon dioxide showed a similar correlation to blood concentration, except with glucose. 7. It was concluded that the general technique is of potential value in providing valid quantitative parameters of animal metabolism.
The role of the major energy-yielding substrates use of isotope-dilution techniques in the unin ruminant metabolism can be evaluated by the disturbed, conscious animal (see Annison, 1964 In this Laboratory the rates of entry of glucose, acetate, propionate, butyrate, D( -)-p-hydroxybutyrate and plasma FFA* have been measured by the continuous intravenous infusion of 14C-labelled materials (Annison & White, 1961 Annison & Lindsay, 1961 West & Annison, 1964; Leng & Annison, 1964) : rates ofproduction of acetate, propionate and butyrate have been measured by the intraruminal infusion of labelled substrates in sheep fed at intervals of 1 hr. (Leng & Leonard, 1965) . In some instances the specific radioactivity of expired 14002, or of arterial blood 14CO2, provided a measure of substrate oxidation. These techniques have been extended in the present studies to include the continuous measurement of both total respiratory gas exchange and 14C02 output. These additional data have allowed calculation of the contribution of each substrate to total production of carbon dioxide, and of the proportion of each substrate entering the body pool that was promptly oxidized. In some experiments total energy expenditure was calculated from the oxygen uptake. The patterns of excretion of 14002 during the infusions of 14C-labelled substrates are complex, particularly in the fed animal, where there is considerable production of carbon dioxide in the rumen which exchanges with carbon dioxide produced in the tissues. We have used correction factors based on experimental data, and on information obtained in other investigations, but we must emphasize that the values obtained for substrate oxidation are no more than estimates. Attempts to obtain quantitative data in this way were prompted by the lack of alternative procedures for measuring substrate oxidation in relation to total oxidative metabolism in intact animals.
The present results, and those obtained earlier, have been considered in relation to overall metabolism. The importance of gluconeogenesis in ruminant tissues has been confirned, and acetate has been shown to make the largest single contribution to oxidative metabolism.
The potential usefulness of isotope dilution in animal nutrition, and the validity of the general technique in providing quantitative parameters of metabolism, are discussed in relation to the data obtained by us and by other investigators.
MATERIALS AND METHODS
Experimental animals. Merino ewes and wethers (age 3-5 years) were housed indoors and fed with lucerne chaff (800g./day) and whole maize (100g./day) at 08.30hr. The ration was generally consumed within 2hr. The animals were trained to stand quietly in stocks for periods of 6-hr. Animals were tracheostomized under thiopentone anaes-* Abbreviation: FFA, free fatty acid. thesia at least 6-8 weeks before experimentation. The trachea was exposed ventrally by blunt dissection, and roughly half of one segment of cartilage was excised to allow the introduction of an endotracheal tube. A rigid plastic self-retaining cannula similar to that described by Blaxter & Joyce (1963) was positioned in the trachea, and the skin wound sutured tightly around the cannula. The fistula was cleaned at frequent intervals between experiments. Immediately before an experiment the cannula was removed and a McGill cuffed endotracheal tube (size 9; J. G. Franklin and Sons Ltd., London, E. 8) -was inserted caudally into the trachea and the cuff inflated. Expired air, free from eructated rumen gas, was collected for analysis by using a three-way respiration valve (Max Planck Institute, Gottingen, West Germany).
Carotid loops were established at least 6-8 weeks in advance in the sheep used for experiments where arterial blood was required. Catheters were inserted into the carotid artery on the day of the experiment, a local anaesthetic (procaine) being applied at both ends of the loop. Jugular vein catheters were inserted on the day before the experiment where jugular vein blood was required. Rumen fistulae were established at least 6-8 weeks in advance in sheep used for experiments where infusion into and sampling from the rumen was required.
Experiments were carried out on sheep 24hr. after feeding, 2-6hr. after feeding and during feeding. For the experiments on feeding sheep, the sheep were transferred to a continuous feeding regime. Annison & Lindsay (1961) . In these experiments the left jugular vein was used for infusion, and blood samples were withdrawn from a catheter inserted into the right jugular vein, except when long-chain fatty acids or NaH14COS were infused, when arterial blood was obtained from a catheter inserted into the carotid loop. It has been shown (C. E. West, unpublished work) that during the infusion of labelled FFA there is a substantial arteriovenous difference across the head in specific radioactivity but not of concentration of FFA as measured by samples taken from the carotid artery and jugular vein. Labelled glucose was infused after a priming injection of 90 to 120 times the amount infused in I min. as described by Annison & White (1961) . The labelled substrates for intravenous infusion were prepared in 0.9% NaCl to contain 0-1-0.4mg. and 0-1-0-5pc of labelled material/ml. and were infused at a rate of 0.37ml./min.
The general procedure for the infusion of 14C-labelled substrates into the rumen for the measurement of production rates of propionate and butyrate was described by Leng & Leonard (1965 The equipment used to measure and record total gas exchange, and 14CO2 production,is shown in Fig. 1 . Expired air was collected by a respiration valve attached to an endotracheal tube inserted into the tracheal fistula as described above. The inhalation side ofthe valve connected by flexible tubing (I in. diam.) to a dry-gas meter to measure total inflow. Expired air was passed first into a water trap cooled with acetone-solid CO2 and then into a spirometer filled with a low-viscosity lubricating oil. tinuously recorded on an independent 0-lOmv recorder (Fig. 1) . The katharometer was calibrated before and after each experiment.
Ion chambers are usually calibrated with 14CO2 liberated from known amounts of standardized Ba14COs (Tolbert, Kirk & Baker, 1956 ). In addition to this procedure the ion chamber used here was calibrated indirectly by using a flow system identical with normal experimental conditions. The ion-chamber response to 14CO2 in respiratory gases obtained during the intravenous infusion into sheep of NaH14COs (0-05-015B,a/min. for 400min.) was checked by passing the gases leaving the ion chamber through C02-free 0-5x-NaOH. The trapped 140C2 was assayed for specific radioactivity as Ba'4CO3. Chemical metho&. Compounds were estimated, isolated and specific radioactivities determined as described earlier: plasma glucose (Lindsay & Brown, 1966) ; blood acetate (Davis, Brown, Staubus & Nelson, 1960 Vol. 104 137 plasma FFA (West & Annion, 1964) ; blood ,-hydroxybutyrate (Leng, 1965) ; individual rumen volatile fatty acids (Leng & Leonard, 1965) ; specific radioactivity of blood and of rumen C02 (Annison & White, 1961; Leng & Leonard, 1965 and when plotted against time (Fig. 2) showed a roughly constant value after 300min. During the terminal stages of the infusion the specific radioactivity of rumen 14CO2 was 40% of that of respiratory 14CO2.
The interchange of C02 produced by tissue metabolism with that arising by fermentation in the rumen was also investigated by following the rate of increase of the specific radioactivity of respiratory 14CO2 during the intraruminal infusion of NaHI4C03 into continuously feeding and starved sheep. Roughly constant specific radioactivities were achieved within 250-300min. (Fig. 3) , when that of respiratory carbon dioxide was 15% and 10% respectively of the specific radioactivity of rumen fluid 14CO2 in feeding and starved sheep. This result implied that, under the conditions of the experiments, 15% and 10% of the respiratory carbon dioxide was produced by fermentation in the rumen.
These data clearly indicate the complexities of carbon dioxide exchange in sheep. Rumen carbon dioxide produced by fermentation is lost from the rumen by eructation or by transfer across the rumen wall and excretion by the lungs. The fraction of rumen carbon dioxide reduced to methane is lost almost entirely by eructation since there is negligible transfer of methane across the rumen wall, and entry of rumen gases into the lungs via the trachea, which occurs to a considerable extent in normal sheep, is prevented by the tracheal cannula. Fig. 4 . The increases in specific radioactivity with time cannot be completely represented by a single exponential function, since many body carbon dioxide pools are involved.
Single-injection experiments with NaH14COs in cats and rats produced data which best fitted a three-compartment system (Kornberg, Davies & Wood, 1952; Steele, 1955) During the infusion of 14C-labelled bicarbonate the specific radioactivity of 14CO2 in arterial blood was consistently slightly higher than in expired air (Table 1 ). Possible errors due to the use of different techniques for the assay of 14CO2 in blood and air were eliminated by using essentially the same method of analysis in each case, i.e. collection of respiratory 14CO2 and arterial blood 14CO2 in carbon dioxide-free sodium hydroxide, and assay as Ba14C03. Similar results were obtained when [U-14C]stearic acid was infused. The probable explanation was slight leakage of rumen gases past the endotracheal fistula and into the lungs (Colvin, Wheat, Rhode & Boda, 1957) .
Experiments were discarded when the rate of output of respiratory carbon dioxide showed changes of more than 10% of the mean value during the infusion. Slight changes in rate of output of carbon dioxide, reflecting changes in carbon dioxide pool size or carbon dioxide production rate, undoubtedly contributed to the failure to obtain consistent and reproducible patterns of respiratory 14C02 production in ostensibly similar experiments.
Entry and oxidation of gluco8e. Values were obtained for four starved (24hr.) sheep, and for two sheep 3-Shr. after feeding (Table 2) . Mean glucose entry rates in fed and starved sheep were 5-0 (range 4-8-5-1, 2 observations) and 3-8 (3-2-4.2, 4) mg./ min./kg.0-75 respectively, and corresponding values for the contribution of glucose to oxidative metabolism were 9-1 (8-6-9-6, 2) and 11-2 (5.9-15.1, 4) % respectively. Terminal specific radioactivities of 14C02 were obtained by calculation, with a single exponential function, as with the other substrates.
The results of this investigation have been combined with those reported earlier (Annison & White, 1961 to obtain mean values for glucose entry over 24hr., in animals fed once a day, by assuming that this value is represented by half the sum of the values obtained for fed and starved (24hr.) sheep. These values were 2-5 (14 experiments) and 1-5 (23) mg./min./kg. for the fed and starved (24hr.) respectively, suggesting a daily entry rate of 120g./day for a 40kg. animal. Good correlation between glucose entry rate and plasma glucose concentration was shown when all the data from this Laboratory were examined (Fig. 5) . The small number of results available relating glucose oxidation to plasma glucose concentration showed the absence of significant correlation between these parameters. When the experiments on glucose were carried out the oxygen-analysis equipment was not available.
Entry and oxidation of acetate. Experiments were carried out on one starved (24hr.) sheep, and on four sheep 3-S5hr. after feeding, and the rates of entry and oxidation of acetate measured (Table 2) . Mean acetate entry rates in fed and starved sheep were 10-8 (9.1-13.5, 4) and 5-8 (1) mg./kg.0 75 respectively, and corresponding values for the contribution of acetate to oxidative metabolism were 31-6 (26-8-38-1, 4) and 22-1 (1)% respectively. In one experiment (W24) [1-14C] (Lindsay & Ford, 1964) , giving a correction factor 1/1.29 = 0-78.
The correlation between acetate concentration in blood and acetate entry rates when the present results and earlier data (Annison & White, 1962) were plotted is shown in Fig. 6 . Good correlation between acetate concentration and acetate oxidation was seen when the small number of results obtained in this investigation were plotted (Fig. 7) Conen. of blood acetate (mg./lOOml.) Fig. 7 . Regression of the percentage contribution to C02 production of acetate on blood acetate concentration. y= 3 09x+ 13-9 (8b= 1-03, 0.1 >P> 0-05).
sheep to provide data on the rates of entry and oxidation of these individual fatty acids. Seven experiments with palmitate showed a mean entry rate of 1-0 (0.6-1.9) mg./min./kg.075, and a contribution to carbon dioxide output of 4-7 (2.0-7.7, 7)% at an average plasma concentration of 1.8mg./ 100ml. Corresponding results for oleate and stearate were: entry rates 0-9 (0.2-1.6, 10) and 0-9 (0.7-1.1, 9) mg./min./kg.0-75; contribution to carbon dioxide, 4-0 (1-2-6-6, 10) and 4 4 (3.8-5.8, 9)% at plasma concentrations of 3-8 and 3.4mg./ lOOml. respectively. With palmitate and oleate there were good correlations between plasma fatty acid concentration and rates of entry and oxidation (Figs. 8 and 9 ), but not with stearate. At similar plasma concentrations, the turnover and oxidation of palmitate was considerably greater than that of stearate or oleate.
The oxygen analyser was available for some of the experiments with long-chain acids, and from A, Stearate, no significant regression.
the measured oxygen uptakes and corrected carbon dioxide outputs respiratory quotients were calculated (Table 2) . Values for total energy expenditure were calculated from oxygen uptakes by using the factor 105 kcal./mole of oxygen (Blaxter, 1963, p. 43) . mg./min./kg.0 75, and corresponding values for the contribution of this substrate to production of carbon dioxide were 10-4 (1) and 4-8 (1.9-7.7, 4)% respectively. The possible interrelation of rates of entry and oxidation, and concentration of fl-hydroxybutyrate in blood, were examined by combining the five results of the present study with those of the eight experiments reported earlier (Leng & Annison, 1964) , when the dependence of both entry rate and contribution to carbon dioxide on concentration were clearly shown (Figs. 10 and 11) .
Production rate8 of propionate and butyrate, and the contribution of these acids to oxidative metabolim. Uniformly 14C-labelled propionate and butyrate were infused into the rumen offed and starved sheep to measure rates of fatty acid production, as described by Leng & Leonard (1965) . Reasonably constant specific radioactivities of fatty acid in the rumen were achieved after 200min., and the infusions were continued for at least 300min. The specific radioactivity of respiratory 14CO2 was followed during these infusions, and when plotted against time gave curves which had not reached a plateau by 300min. Terminal values for the specific radioactivity of respiratory 14CO2 were calculated as before, and corrected for loss of radioactivity, and dilution with rumen carbon dioxide. In calculating the contribution of propionate and butyrate to production of carbon dioxide it was assumed that the specific radioactivities of the acids reaching the tissues were the same as that in the rumen. Although there is no evidence of endogenous propionate or butyrate production, the absorption of caecal fatty acids undoubtedly diluted the acids reaching the liver, but this effect was difficult to assess since (a) rates of absorption of fatty acids from the caecum are not known, and (b) a substantial fraction of the fatty acids absorbed from the rumen is metabolized by the rumen wall.
WVhen rumen contents (50ml.) were incubated at 390 in an atmosphere of nitrogen with 14C-labelled propionate and butyrate, only negligible amounts of 14CO2 were produced.
Mean values for propionate and butyrate production rates were 2-5 (2.2-2.9, 2) and 1.0 (0-8-1-2, 2) mg./min./kg.075 in the starved (24hr.) sheep, and 6*4 (4.7-8.3, 4) and 4*3 (3.4-6.1, 4) mg./min./kg.075 in the continuously feeding animal (Table 3) . Corresponding values for the contribution to oxidative metabolism were 7-1 (6.8-7.4, 2) and 5B3 (5.2-5.3, 2)% and 23-0 (13.8-29.9, 4) and 16B5 (13.7-20.5, 4)% respectively. Conen. ofblood P-hydroxybutyrate (mg./lOOml.) into ,-hydroxybutyrate, it would be incorrect to include the contribution of ,B-hydroxybutyrate to carbon dioxide production when accounting for total carbon dioxide in terms of individual substrates, if values for butyrate and FFA are included. Propionate is a major precursor of glucose, recent data of Bergman, Roe & Kon (1966) and Leng, Steel & Luick (1967) showing that in the fed sheep 30-50% of glucose arises from propionate. We must therefore reduce values for the contribution of glucose to total carbon dioxide production in the fed animal by 40%, giving a corrected figure of 5.4%. Corresponding data on the starved (24hr.)
sheep are not available, but since ruminal propionate concentrations fall to roughly 50% of the post-feed levels we have assumed that under these conditions 20% of body glucose arises from propionate. The value of 12*7 for the contribution of glucose to total carbon dioxide production was reduced by 20%, i.e. 10'2, to allow for the contribution of propionate in the starved (24hr.) sheep.
Interconversions between glucose, acetate and plasma FFA are usually small. The specific radioactivity of blood acetate at the end of a labelled glucose infusion (160min.) was about 1.5% of that of glucose, and in similar infusions with labelled acetate the specific radioactivity of blood glucose was about 3% of that of acetate (Annison & White, 1962 ). Only slight labelling of blood acetate was observed during the infusion of labelled palmitate (West & Annison, 1964) , and there was negligible transfer of radioactivity from labelled blood acetate to plasma FFA (C. E. West, unpublished observations). Leng & Annison (1964) The proportion of substrate entry that was directly oxidized during the experiment was calculated from the total respiratory carbon dioxide output, and the specific radioactivities of respiratory 14CO2 (Tables 2 and 3) (Lindsay & Ford, 1963) , and this value was used to correct calculated energy expenditures from acetate ( Table 2 ). The energies of the methyl and carboxyl portions of the acetate molecule were assumed to be 180-0 and 29.4kcal./ mole respectively. These values were calculated from the heats of combustion of oxalic acid (60kcal./mole) and acetic acid (209.4kcal./mole) (Blaxter, 1963, p. 41) . Thus the energy derived from the oxidation of acetate was calculated to be 175.5kcal./mole or 2.925kcal./g. The relatively large size and symmetry of the molecules of glucose and long-chain fatty acids suggests that only small errors arise when substrate contribution to energy expenditure is calculated from oxidation data, irrespective of the partial or complete oxidation of these substrates. Total energy expenditure was calculated from oxygen consumption, by using the factor 105 kcal./mole of oxygen (Blaxter, 1963, p. 43) , but unfortunately measurements of oxygen uptake were made in only 14 of the 54 experiments reported here. The mean respiratory quotients for fed and starved (24hr.) sheep were 1*03 (5 observations) and 0 94 (11 observations), and these values were used to calculate the oxygen uptakes, and thus total energy expenditure, in those experiments where only total carbon dioxide output was measured (Tables 2 and 3 ). The energy accounted for by the oxidation of individual substrates in fed and starved sheep was 63% and 43% respectively of the energy expenditure calculated from total oxygen uptakes. DISCUSSION The metabolism ofruminants is greatly influenced by the extensive microbial fermentation of ingested foodstuffs which occurs in the rumen. Dietary carbohydrates are largely converted into shortchain fatty acids, and little glucose is absorbed from the alimentary tract. Isotope-dilution techniques have been used to obtain quantitative information on the rates of ruminal production of acetate, propionate and butyrate (Leng & Leonard, 1965; Bergman, Reid, Murray, Brockway & Whitelaw, 1965) , and on the rates of entry into body pool of glucose (see Ford, 1965) and fatty acids (see Annison, 1964 Lindsay, 1959) . Leng & Leonard (1965) showed that ruminal production rates ofpropionate, a major precursor of glucose, were about 70g./day, and that part of this fraction was directly oxidized. Since acetate and butyrate cannot give rise to net synthesis of glucose (see Annison, 1964) , the glucose deficit must be made good by gluconeogenesis from protein and triglyceride glycerol.
Circulating acetate in ruminants is of alimentary (exogenous) and metabolic (endogenous) origin, and entry rates determined in the whole animal represent total entry. Earlier studies showed that endogenous acetate production was markedly affected by the exogenous entry rate, the latter rate being roughly proportional to the concentration of acetate in the rumen (Annison & White, 1962 (West & Annison, 1964) . During these infusions, substrate oxidation in body tissues is indicated by the appearance of radioactivity in arterial blood carbon dioxide and respiratory carbon dioxide. The plot of specific radioactivity of respiratory 14CO2 against time shows that the rate of increase with time reaches a miniimum value after 3-6hr. (Fig. 4) , but never falls to zero. The 'plateau' value of the specific radioactivity of 14CO2 after 3-6hr. has been used in earlier work (see Annison, 1964) to provide rough estimates of the contribution of substrate to total carbon dioxide production. The equipment available in the present studies has allowed 14CO2 production to be measured continuously during the constant infusion of 14C-labelled materials, and the curves relating the specific radioactivity of respiratory 14CO2 to time have been analysed mathematically.
If there was only one carbon dioxide pool of constant size in the body, and recycling of substrate was absent, then the increase in specific radioactivity with time could be represented by a simple exponential function. The body, however, is a multi-compartment system with many carbon dioxide pools, including bone carbon dioxide, which equilibrates very slowly with blood carbon dioxide, and the rumen, a large pool which equilibrates fairly slowly with blood carbon dioxide and greatly complicates the interpretation of the respiratory 14C02-time curves. Recycling is undoubtedly important for some substrates, e.g. glucose, which gives rise to lactate, which in turn contributes to glucose production (Annison, Lindsay & White, 1963) . These factors have undoubtedly contributed to our failure to obtain data consistent enough to justify analysis of the 14COr-time curves by a multi-exponential expression relating the shape of the curve to the multi-compartment system comprising the total body carbon dioxide pool.
Tracheostomized sheep were used to minimize interference from rumen gases. Methane was largely eliminated by this procedure, since only small amounts pass across the rumen wall into blood, and are cleared by the lungs (Hoernicke, Williams, Waldo & Flatt, 1965) . Carbon dioxide produced by ruminal fermentation, however, cannot be differentiated from that produced by tissue metabolism, since there is a continuous two-way transfer of carbon dioxide across the rumen wall, and substantial amounts of metabolic carbon dioxide enter the rumen in saliva (Hoernicke et al. 1965) . Eructated rumen gases were not collected or assayed for radioactivity, and some loss of 14CO2 of metabolic origin inevitably occurred. The magnitude of the effects of these factors will depend on the relative sizes and rates of turnover of the rumen and body carbon dioxide pools. These parameters were not measured in the present investigations, but values for metabolic 14002 output were calculated from respiratory 14CO2 outputs by using correction factors based on the output and specific radioactivity of respiratory 14002 during the intravenous infusion ofNaH14COs.
We have assumed that the output of respiratory carbon dioxide was not influenced by transfer of rumen carbon dioxide, i.e. no net increase in respiratory carbon dioxide. Hoernicke et at. (1965) have shown that although calculations suggest that the rate of absorption of carbon dioxide from the rumen is roughly balanced by the entry of carbon dioxide into the rumen, there is a net gain in the respiratory carbon dioxide output of fed tracheostomized cattle. The magnitude of the resulting errors in the measurement of output of carbon dioxide were estimated to be + 5%, and this figure probably represents the accuracy of the values we have obtained for contributions to total output of carbon dioxide, and energy expenditures, in the present studies.
Total metabolic carbon dioxide production is the end result of the oxidative metabolism of many substrates, some of which are closely interrelated, but in summing the contributions of individual substrates to total metabolic carbon dioxide production allowance was made for the interrelations 146 1967 Vol. 104 
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of propionate and glucose, and for the dependence of fl-hydroxybutyrate on butyrate and plasma FFA metabolism. Interrelations between the other major substrates appear to be too low to cause more than minor errors and the failure to account for more than 76 and 58% of total carbon dioxide in fed and starved sheep was supporting evidence for this conclusion.
Respiratory quotients for fed and starved sheep were 1-03 (5 observations) and 0-94 (11 observations), but these values are more than usually difficult to interpret in ruminants, where a significant proportion of the total carbon dioxide output arises by anaerobic fermentation in the rumen. A large part of total rumen carbon dioxide, which arises both by fermentation and extraruminal tissue metabolism, is reduced to methane, but precise information is lacking on the sizes and rates of turnover of rumen and tissue carbon dioxide pools, rates of fermentation carbon dioxide production and rates of methane production in animals on different diets, and at varying times after feeding. This information can only be obtained by isotope dilution in animals in which total carbon dioxide and methane outputs, and total respiratory carbon dioxide outputs, are measured continuously.
We have been unable to account for all of the energy production and carbon dioxide output. A small part of the deficit in starved sheep was undoubtedly due to the oxidation of long-chain fatty acids other than palmitate, oleate and stearate, which together account for 80-85% of the long-chain fatty acid fraction. The remainder of the carbon dioxide must arise by the oxidation of material which is not in equilibrium with acetate, glucose, plasma FFA or ketone bodies, or their immediate precursors. In starvation, fat is the major source of energy and there is unequivocal evidence that adipose tissue is mobilized largely as plasma FFA (Steinberg, 1963) . Nevertheless, the present data are consistent with the hypothesis that a fraction ofadipose tissue, protein or glycogen, is mobilized and oxidized directly without equilibrating with plasma FFA, or with the main pools of acetyl-CoA or Cs compounds.
The utility of measurements of entry rate based on isotope dilution is well established, but the extension of this approach to the quantitative assessment of the oxidation of individual metabolites is more controversial. We have concluded that substrate-oxidation rates constitute useful parameters of metabolism. The values obtained are inevitably somewhat imprecise, but provide valuable comparative data when animals ofdifferent nutritional and physiological status are compared. The techniques can be extended to certain tissues and organs, when substrate uptake, production and oxidation can be examined in relation to overall metabolism (Annison, 1964 
